The exponential expansion of the publicly available human DNA sequence database has increasingly facilitated cloning by homology of genes for biochemically defined, functionally similar proteins. We hypothesized that an as-yet uncloned human ␣-glucosidase (human neutral ␣-glucosidase C or GANC) is a previously uncharacterized member of a paralogous human glycosyl hydrolase gene family 31, sharing sequence homology and related, but not identical, functions with other cloned human ␣-glucosidases. We now report both the in silico and physical cloning of two alleles of human neutral ␣-glucosidase (designated GANC on the human gene map). This cloning and correct identification and annotation as GANC was successful only because of the application of the biochemical and genetic information we had previously developed regarding this gene to the results of the in silico method. Of note, this glucosidase, a member of family 31 glycosyl hydrolases, has multiple alleles, including a ''null'' allele and is potentially significant because it is involved in glycogen metabolism and localizes to a chromosomal region (15q15) reported to confer susceptibility to diabetes.
The exponential expansion of the publicly available human DNA sequence database has increasingly facilitated cloning by homology of genes for biochemically defined, functionally similar proteins. We hypothesized that an as-yet uncloned human ␣-glucosidase (human neutral ␣-glucosidase C or GANC) is a previously uncharacterized member of a paralogous human glycosyl hydrolase gene family 31, sharing sequence homology and related, but not identical, functions with other cloned human ␣-glucosidases. We now report both the in silico and physical cloning of two alleles of human neutral ␣-glucosidase (designated GANC on the human gene map). This cloning and correct identification and annotation as GANC was successful only because of the application of the biochemical and genetic information we had previously developed regarding this gene to the results of the in silico method. Of note, this glucosidase, a member of family 31 glycosyl hydrolases, has multiple alleles, including a ''null'' allele and is potentially significant because it is involved in glycogen metabolism and localizes to a chromosomal region (15q15) reported to confer susceptibility to diabetes.
T he rapid rise in the number of cloned genes has resulted in an increasing ability to identify sequence homologies between different genes, either within the same species (paralogs) or between species (orthologs). The publicly available human draft sequence (refs. 1 and 2; http:͞͞www.ncbi.nlm.nih.gov͞) has provided the potential to identify more easily and clone members of gene families in silico, greatly facilitating their physical cloning. We report one such case, the cloning of a previously described human ␣-glucosidase (neutral ␣-glucosidase C or GANC). However, physical cloning and correct annotation of full-length GANC was only made possible by applying the biochemical and genetic information we had previously developed regarding this gene to the in silico information (3) (4) (5) .
At least six different human ␣-glucosidases hydrolyzing ␣-linked glucose in simple and complex carbohydrates have been described biochemically and genetically. These enzymes differ with respect to substrate specificities, pH optima, molecular weights, sites of expression, and chromosomal localizations. Five of these human ␣-glucosidases have now been cloned: lysosomal acid ␣-glucosidase (GAA; refs. 6-8), intestinal sucraseisomaltase (SI; refs. 9 and 10); intestinal maltase-glucoamylase (MGA; ref. 11), the catalytic unit of the endoplasmic reticulum enzyme glucosidase II (GANAB); see Online Mendelian Inheritance in Man (OMIM 601862 and 104160; refs. 12 and 13); and glucosidase I (GCSI; ref. 14) . Four of the five cloned human ␣-glucosidase genes (excluding glucosidase I) share homology, based on sequence similarity and signature sequence for family 31 glycosyl hydrolases, suggesting that they are members of a gene family in a single species or human paralogs for family 31 glycosyl hydrolases (ref. 15 ; reviewed in ref. 16 and http:͞͞ afmb.cnrs-mrs.fr͞ϳcazy͞CAZY͞index.html).
Neutral ␣-glucosidase C, the remaining human ␣-glucosidase, had not as yet been cloned. Neutral ␣-glucosidase C (GANC) has activity at neutral pH, a characteristic electrophoretic mobility relative to the human lysosomal enzyme acid ␣-glucosidase and to human glucosidase II as well as to the murine ortholog of GANC, and a molecular weight similar to that of the lysosomal enzyme acid ␣-glucosidase (4, 5, 17) . The gene maps to human chromosome 15 (5) , is designated as GANC on the human gene map (ref. 17; OMIM 104180), and exhibits a biochemical genetic polymorphism with four alleles, including a null allele, segregating in the population (3). The known properties of GANC, including 100 kDa molecular mass, its ability to degrade glycogen, and the neutral pH optimum suggested homology to family 31 glycosyl hydrolases and particularly to lysosomal acid ␣-glucosidase and to the catalytic unit of glucosidase II.
Materials and Methods

Computer-Based Identification of Candidate Clones and Construction
and Analysis of a Computer Contig. The nonredundant sequence database and the human EST database (http:͞͞www.ncbi.nlm. nih.gov͞) were screened by using as the initial query sequence both human lysosomal acid ␣-glucosidase, glucosidase II, and the original BLAST program with BLAST X or the gapped BLAST program. This screen identified three ESTs: GB R95789, clone 1; GB AA101464͞3, clone 2; and GB AA323316, clone 3. These clones were obtained from commercial sources (American Type Culture Collection, Research Genetics, or Genome Research) and sequenced completely in both directions. A contig was constructed on the computer and compared for homology with other glucosidases (see Fig. 1a and legend).
Construction of cDNAs Containing the Coding Sequence in an Expres-
sion Vector. The initial cDNA construct that was expressed contained a 5Ј fragment from clone 2 ligated to a 3Ј fragment obtained by RT-PCR to eliminate two areas of nonhomology found by analysis of the computer contig (Fig. 1c) . In detail, a 2.1 kb EcoRI͞SacI fragment from clone 2, (deleting the first 263 bp of clone 2 and starting 490 bp 5Ј of the putative ATG and extending 1,619 bp 3Ј of the ATG) was cloned into pUC19 (clone B). To eliminate the major portion of the 490 bp of 5Ј untranslated sequence, an EcoRI site was introduced into clone B by PCR just 5Ј of the putative ATG (by using a sense amplification primer containing an added EcoRI site and extending from Ϫ8 to ϩ 10, relative to the ATG, and an antisense primer 3Ј of a unique EcoRV site). The PCR fragment was digested with EcoRI and EcoRV and exchange-ligated into the EcoRI͞EcoRV digested clone B to give clone B-7. The remaining 3Ј end of the cDNA was obtained by RT-PCR by standard methods with mRNA from a cell line (GM02756) known to contain two different alleles expressing enzyme activity for GANC (3) and a sequence-based sense primer 34 bp 5Ј of the unique SacI site (bp 2,337-2,358) and an antisense primer in the 3Ј UT (ending 15 bp 3Ј of the TGA stop codon), with an added XbaI site. The clone (B-7) containing the 5Ј end was digested at the endogenous SacI site and at a 3Ј XbaI site in the vector cloning site. The 3Ј RT-PCR product, digested at the endogenous SacI site and the XbaI site in the primer, was ligated into the B7 clone to yield B7-7. The full-length insert was released with EcoRI͞XbaI digestion and cloned into the expression vector pCDNA 3 (Invitrogen) to yield clone B-7-7-9. The PCR-amplified section of the 5Ј clone, all of the ligation joints, and the complete 3Ј end of several clones were sequenced to confirm the absence of cloning artifacts. Differences between the consensus sequence of the original EST clones and the absence of the areas of nonhomology were confirmed by sequence analysis of RT-PCR products of mRNA from the human cell line that expressed two different alleles for GANC (GM02756; National Institutes of Health Mutant Repository, Camden, NJ). For cloning of two alleles of GANC, mRNA was isolated (by using an Invitrogen micro fast-track kit according to the manufacturer's directions) from the cell line GM02756 previously determined to express two different alleles for GANC (3). RT-PCR was performed by using an antisense primer ending 15 bp 3Ј of the stop codon with an added XbaI site and a sense primer 5Ј of the ATG with an added EcoRI site and cloned into the PCR zero blunt vector (Invitrogen). Clones were sequenced with M13 and gene-specific primers, and the insert was then cloned into PCDNA3 for expression (Fig. 1d ).
Transient Expression of the Cloned cDNAs and In Situ Visualization of
Neutral ␣-Glucosidase C Activity. The cDNA constructs in the pCDNA3 expression vector were transiently expressed in three Sequence for human acid ␣-glucosidase and the catalytic subunit of glucosidase II was used as ''bait'' in a TBLASTX and BLASTN search of the human EST database for ''orphan'' ESTs with homology to the two glucosidases. This procedure identified GB R95789 (clone 1) that contained a sequence tagged site (STS) WI-17962 mapping to chromosome 15q15 in radiation hybrid panels 3 and 4, which is consistent with the earlier mapping of GANC to chromosome 15 in somatic cell hybrids (5) . The search simultaneously identified GB AA101464͞3 (clone 2), a putatively ''reversed'' EST that contained sequence for the consensus catalytic site for family 31 glycosyl hydrolases (15) and an STS G31167 that also mapped to chromosome 15q15 in the radiation hybrid maps 3 and 4. Clone 2 additionally identified GB AA323316 (clone 3) that overlapped a conserved sequence in clone 2. Complete sequencing of all clones in both directions and comparison for homology against the sequence database revealed two areas that did not show homology. (b) Deletion of these two regions and ''pasting together'' the computer construct resulted in an ORF of an appropriate size. After deletion of the two areas of apparent nonhomology (confirmed by absence of these areas from sequence of cDNA obtained by RT-PCR of mRNA), the computer-edited cDNA gave an appropriate size ORF from the initiating methionine to a stop codon (2.745 kb and 914 codons) and homology throughout the ORF (see Table 2 ). (c) To facilitate deletion of the two areas of nonhomology from a cDNA containing the coding region, the initial construct tested for expression of neutral glucosidase was a hybrid. This hybrid contained a 5Ј fragment from clone 2, (beginning 8 bp 5Ј of the ATG with an added EcoRI site), ligated at an endogenous SacI site (2,371 bp) to a 3Ј fragment derived by RT-PCR of mRNA from cell line GM02756 and extending 15 bp 3Љ of the stop codon with an added Xba site. (The first methionine in the construct was at bp 753-755 of the original full-length cDNA). We previously had determined that GM02756 expressed two different electrophoretically distinguishable alleles for GANC and that GM02756, therefore, did not contain a null allele lacking expression of enzyme activity. (d) Two allelic cDNA clones, differing in sequence at several sites, were obtained by RT-PCR of mRNA from cell line GM02756. The differing cDNA clones were found to express electrophoretically distinguishable allozymes (see Fig. 2 (19) . Cell lysates from transfected and nontransfected cells and lymphoid line cells were prepared and analyzed as described (3, 5, 17) . In brief, cell lysates from transfected and nontransfected cells were electrophoresed in starch gels at 4°C to separate isozymes and͞or allozymes primarily by their charge, overlaid with 3 MM filter paper saturated with substrate (4 methyl umbelliferyl⅐D-glucopyranoside) at either acid pH (not shown) or neutral pH 7.5 and incubated at 37°C. Areas of enzyme activity were detected as fluorescent bands, as described (17) .
Results
Based on the hypothesis that GANC shares homology with other human family 31 paralogs, we searched the EST database for candidate clones that had homology to ␣-glucosidases but did not code for any of the four previously cloned family 31 mammalian or human glycosyl hydrolases. Three candidate human EST clones were identified (Materials and Methods, and Fig. 1) , two of which contained sequence tagged sites (STSs) that had been mapped to human chromosome 15q by analysis of radiation hybrid panels 3 and 4, the chromosome to which we had previously mapped GANC, based on segregation of the human neutral glucosidase C isozyme in human-mouse hybrids (5) .
Complete sequencing and analysis of the three EST clones revealed two small areas lacking homology to other glucosidases, one in clone 2 and one in clone 3 (Fig. 1a) . RT-PCR of mRNA from a diploid normal human cell line, GM02756, both of whose GANC alleles were known to encode functional, electrophoretically distinguishable allozymes, revealed that neither of the areas of nonhomology were present in the mRNA. Omitting the two areas of nonhomology and ''ligating'' the remaining sequence in silico resulted in a 5,022-bp transcript containing a 2,745 bp ORF (including the ATG and stop codon) that exhibited high homology to ␣-glucosidases throughout (not shown). The ATG of the ORF was preceded by a large, 752 bp 5Ј untranslated region and was followed by a large, 1,525 bp 3Ј untranslated sequence (20) without homology to other human glucosidases (Fig. 1) . The derived cDNA predicted a protein of 914 amino acids and a molecular mass of 104 kDa, consistent with that of 92.2 Ϯ 9.8 kDa previously determined for the partially purified GANC (4). This molecular mass is also similar in size to that of the paralogs lysosomal acid ␣-glucosidase and the catalytic unit of glucosidase II (952 and 944 aa) and half the size of the duplicated paralogs sucrase-isomaltase and maltase-glucoamylase.
To demonstrate that the cDNA sequence we had derived in silico represented the in vivo GANC mRNA, we physically cloned and expressed three different cDNAs. Two of the expressed clones were totally derived by RT-PCR of mRNA from the cell line GM02756, known to express two functional, electrophoretically distinct allelic forms of GANC (see Fig. 1d ). Two different classes of clones could be distinguished, initially by appearance of a new site for EcoRI, and then by differences in sequence (see Table 1 ). Transient expression of completely sequenced clones representing each class resulted in the appearance of bands of neutral ␣-glucosidase enzyme activity that comigrated with either the ''type 2'' or the ''type 3'' alleles expressed by the GM02756 cell line (refs. 3-5; Fig. 2) . Furthermore, transfection of 3T3 cells with a hybrid cDNA derived in part from the EST clone and in part from RT-PCR yielded ␣-glucosidase activity with biochemical properties consistent with human as opposed to murine GANC (5) .
Comparison of the sequence of the EST-derived cDNA with that of the two clones derived totally by RT-PCR (and the additional hybrid cDNA) revealed seven polymorphic sites, two of which were silent ( Table 1 ). The two GM02756 clones differed from each other at four sites, two of which predicted amino acid differences (Ile at codon 153 and Arg at codon 848 for type 3 vs. Met at codon 153 and Gln at codon 848 for type 2). Both clones also differed from the computer-derived consensus sequence at three additional sites predicting amino acid differences (Arg-44-Gln; Glu-443-Asp, Phe-845-Ser). All of these sequence variations were true polymorphisms and were not due to cloning, sequencing, or PCR errors, because we could define both alleles for all of these single nucleotide polymorphisms (SNPs) in genomic DNA of additional individuals. Cell lysates were prepared from nontransfected cells and from cells transfected with the two clones containing differing alleles derived from mRNA of the GM02756 cell line that is heteroallelic for type 2 and type 3 GANC alleles (see Fig. 1d and Table 1 ). Areas of ␣-glucosidase activity were visualized under long-wave UV light as fluorescent bands. GANAB is the gene name for human ␣-chain (catalytic unit) of glucosidase II on chromosome 11; GANC is the official gene name for human neutral ␣-glucosidase C on chromosome 15. GANC shows homology at the catalytic site (WXDMNE) to the four previously cloned human ␣-glucosidases: lysosomal acid ␣-glucosidase (the original identified human family 31 glycosyl hydrolase), the two duplicated ␣-glucosidases, sucraseisomaltase and maltase-glucoamylase, and the catalytic unit of glucosidase II (synonymous with GANAB) ( Table 2 ). The greatest homology was to the catalytic unit of glucosidase II, an enzyme that is also active at neutral pH. Similarly, GANC showed overall homology to the previously cloned ␣-glucosidase paralogs, with similarity ranging from 67 to 41%, but again, with the highest overall homology to the catalytic unit of glucosidase II ( Table 2) .
Alignment of the full-length cDNA sequence with human genomic DNA sequences from bacteria artificial chromosome (BAC) clones AC022468 and AC012651 and with the draft sequence (http:͞͞genome.ucsc.edu͞) suggested that the GANC gene consists of 25 exons distributed over 80 kb. We confirmed both this proposed exon-intron structure and the accuracy of our cDNA sequences by amplifying and sequencing 23 of the 25 exons and their flanking intronic regions from genomic DNAs. The first exon was noncoding, whereas the second 343-bp exon was predominantly noncoding, containing only the first 10 codons, including the initiation of translation within a Kozac consensus sequence. The terminal exon 25 was only sequenced from genomic DNA to just 3Ј of the stop codon, whereas only a small part of the flanking intron for exon 19 could be sequenced from PCR products of genomic DNA. The additional SNPs noted in the sequence of the ESTs and of the newly cloned cDNAs (Table 1 ) also were found in genomic DNA from additional individuals (not shown).
Correct annotation of GANC present in the draft sequence and even earlier in the two BACs used for the draft sequence was probably inhibited by the artifactual portions of the initial EST sequences as well as by several features of the exonic structure. The area of ''nonhomology'' in the cDNA of EST clone 2 ( Fig.  1, AA101464 ) was apparently caused by priming from intron 15 on the antisense strand with inclusion of ϩ59 to ϩ1 bp from intron 15. The area of ''nonhomology'' in cDNA of the EST clone 3 (Fig. 1, AA332316) represented inclusion of 98 bp of intron 20 (1.264 kb downstream of exon 20), predicting an exon with two in-frame stop codons (TAA) and, therefore, a nonfunctional transcript. Although such events can be interpreted as alternate splicing, they can also be found as artifacts during construction of cDNA libraries for extensively studied, known genes. Our RT-PCR results would indicate that the inclusions of intronic sequence seen were artifacts. The features of the intron͞exon structure that may have interfered with correct prediction of the mRNA based on algorithms were the relatively small size of several of the exons, (ranging from 46 to 80 bp), some of which were buried within large surrounding introns, leading to exclusion from the predicted mRNA sequences. Similarly, the ATG, sitting at the terminal portion of a large, primarily noncoding exon appears to cause difficulty for identification by current algorithms (ref. 21 ; GenBank database accession nos. AF545044-AF545047).
The GANC cDNA maps to human chromosome 15q15.1-.2 on the draft sequence (http:͞͞genome.ucsc.edu͞), flanked on the 5Ј end by a predicted gene (DKFZP564G2022). We confirmed, by sequence analysis of PCR products from genomic DNA, that this putative gene begins only 168 bp upstream of the start of the GANC cDNA and is encoded on the reverse strand with transcription toward the centromere. By contrast, GANC is encoded on the sense strand with transcription toward the telomere, suggesting overlap or close proximity of the two promoter regions On the 3Ј end. GANC is flanked by calpain 3 (CAPN3), which begins 6.151 kb 3Ј of GANC, with transcription of both genes directed toward the telomere.
Discussion
We have cloned a neutral ␣-glucosidase that is a new member of a human paralogous gene family, belonging to the glycosyl hydrolase gene family 31, initially by in silico manipulation of sequences of EST clones and then physically by the cloning and expression of two cDNAs coding for alleles of GANC. Both cDNAs express ␣-glucosidase activity at neutral pH, exhibit the expected differences in electrophoretic mobility for two of the known genetic variants, are of appropriate size, and map to chromosome 15q. These biochemical and genetic properties allow us to annotate correctly the cDNAs and the corresponding genomic DNA as GANC (OMIM 104180). The molecular basis for the allelic differences was identified as single-base changes (SNPs), some of which resulted in amino acid differences. Also, we have experimentally determined the exon and flanking intron sequence and boundaries and placed the cDNA on the genome sequence of chromosome 15 at 15q15. GANC is flanked on the 5Ј end by DKFZP564G2022, a gene transcribed toward the centromere on the antisense strand and on the 3Ј end by CAPN3, transcribed toward the telomere in tandem with GANC on the sense strand.
Correct annotation is now a critical next step in analysis of the human genome and, as is evident from the example reported here, is likely to require a more individualized process that will benefit from detailed molecular and biochemical approaches.
The observations reported here demonstrate the utility of biochemical, genetic, and molecular data in the final stages of genome annotation, as well as perusal and knowledge of prior published data, annotated in several linked databases such as OMIM that, for GANC, contained all of the necessary information. Full-length cDNA transcripts facilitated the verification of the correct annotation for GANC and had led to our initial report in an abstract. ‡ During final preparation of this manuscript, a putative ''full length'' cDNA (AK074037) encoding a proposed protein named FLJ00088 was reported and assigned GenBank accession number BAB84863. However, this cDNA encompasses 4,476 of the 5,022 bp reported here and lacks exon 1 and part of exon 2. The initiating methionine was contained in FLJ00088 but was only identified as the initiating first codon by the expression studies reported here. The initiating ATG is at codon 12 of FLJ00088 (bp 208-210), corresponding to bp753-755 of the GANC sequence. In the light of our studies, we propose that FLJ00088 be renamed GANC.
The localization of GANC next to calpain 3 is of note because linkage studies of type 2 diabetes recently provided evidence for an interacting susceptibility locus in the Mexican American population on chromosome 15 that includes the calpain 3 (CAPN3) locus (22, 23) . CAPN3 (mutations in which result in LGMD2) is a paralog of calpain 10, a putative diabetes susceptibility gene on chromosome 2 (24, 25) . We note that GANC sitting next to CAPN3 on chromosome 15 is also a candidate for a role in diabetes. GANC is an enzyme involved in degradation of glycogen; there are known multiple alleles for this gene, at least one of which codes for absence of GANC activity. Alternatively, the known genetic variation in GANC may be associated with differences in severity of glycogen storage disorders and͞or normal muscle function.
